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I.       PURPOSE 

Our primary objective was to broaden the linewidth of ruby without 

disturbing its optical quality significantly,  by placing Cr^+ in dilute solid 

solutions of Al203 and Ga.,03 and/or Al203 and YjOß.    Since the fluorescent 

transition in ruby is so strongly dependent on crystal field,   it was felt that 

a veiy modest impurity concentration should be sufficient to broaden the 

linewidth.    We planned to grow a two inch long,  very narrow linewidth, 

low strain ruby by growth from a molten salt.    Then, we planned to grc 

by the same method crystals of Al203-Ga203 and Al203-Y203 activated w Lh 

3+ 3 + 
Cr     ,   in order to give us broad linewidth Cr      fluorescence with little or 

no change in the optical quality of the host crystal. 
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II.       ABSTRACT 

Progress has been achieved in perfecting the techniques for the growth 

■ of ruby from flux and broader.ing the fluorescent linewidth by Ga additions. 

It has been demonstrated that large flux free ruby crystals suitable for 

fabrication into laser rods can be produced by spontaneous nucleation from 

slowly cooled molten salts. 

By lowering the pedestal supporting an 8 inch x 8 inch crucible until a 

200oC gradient is obtained,  and slowly cooling a PbF2 melt at 1. 50C per 

I hour,  large ruby plates up to 3/8 inches thick and 2 inches in maximum 

dimeasions have been grown.    Attempts to grow larger crystals by growth 

on ruby seeds were not successful,  but it was established that crystals can 

be grown free from chromium content variation by using ruby nutrient and 

growing crystals in a temperature gradient under steady state conditions. 

Solubility ot AI2O3 in PbF2 has been measured and the effect of Cr and 

Ga on the solubility has been determined.    Chemical analysis of the crystals 

shows a concentration gradient exists for Cr but not for Ga. 

Line broadening was achieved in ruby crystals both by the deliberate 

addition of Ga,  and by the substitution of 0^" by F    during crystal growth. 

Broadening in excess of 10 cm      was obtained due to a combination of 

these factors. 

Two rods cut from these crystals lased at 2G00 and 1200 joules respec 

tively in a 3 inch long laser head at 2000K. 
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V.    STATUS 

A number of goals were established during the course of this contract. 

Table I shows the present status of these goals. 

The primary goal of the contract, the growth of ruby from flux and the 

addition of Ga, has been achieved.   A method is described for the growth 

of large single crystals of high optical quality.   A cooling rate of 1. f<0C was 

used but further work on the effect of cooling rate is suggested. 

m White ' ' has reported that high purity starting materials has led to a 

reduction in laser threshold.    This effect was not determined by us but high 

purity PbF2 and AI2O3 were used throughout the major portion of the contract. 

1 The attempt to produce growth on a ruby seed, No.   77,  was only partially 

successful and is discussed more fully in the section on crystal growth.    It 

is felt that perhaps several additional runs would be needed to establish 

B optimum conditions for this type of growth. 

[ 

I 

I 
[ 
[ 

[ 

I 

Page     6 

Airtron,  a division of Litton Industries 



0) 
u 
v 
*-i 
c 
o 
u 
Ö 

W 

•—i 
-D 
O 
M 

a. 

G 
0 

• r^ 

U5 
0 
h 
u 
o 
(J 

>-> 
PM 

M 
* 0) 

c 
0 

.^4 

.^* M 

J 
J2 ä 
.^-t 

M 6 
■4-J 

.** 
13 

W ■n 
+ ;3 
"0 f-H 

u c; 
n 

■ •«< 

o 
2 

o  i' 
nS 
u 
QC 

C 
o 

o 
u 

a. 

c 
u 
c 

"  o 
t u 

HO 

5-.2 
W  t« 

1 
o 
u 
0 
u 

O 

en   nj 
0)    u 

c 
V 
u 
d 
o 
u 

Ü 

W   m 

Ö 
o 

■ r-4 

*-> 
a 
u 
rt 
a 
0) 

ft 
D 

Ü 

C 
o 

n$ 
u 

I 
W 

o 

o 

c 
4) 

e 
cu 

ja ^i 
-.1   J2 

o n. 
u ^ 

en 

Is 
O  M 

w 

CQ 

0) 
tn 
O a 
u 

U3 ^-^ 
<—t «] 

1 (4 4-> 

u 
0 

c 
0 10 

33 

u >, >H 

v. U 
(0 >-l 0 

•—1 U ^ 
rt s^ JJ 

■»-> VM ^3 ^ to 
(0 O r-f 

4) 

<u 

u 
0 

U 
O 

u C 00 a 
a; *» ■ ^ u >-l 

C 
0 0 «—1 I 

> 
0 6 3 

0) 
•0 

4-> 
0} 

a 3 0) 
'w4 

> 
0) 

*•> 

0 «I 
> 

c 
a> 
u 

O 
u 

(X 
u 
0 

tfi «3 
•—t 1 r-i 

5 c 
«) 0 [ß 

>, u >. 
1-* 
u nl 

Ü 
U 

v 
a 
0 

CO 

en 
O 

0 

ß 
T) a 0 c 
rt u ■w -rrf 

Ü I 
03 

C 
.1-4 

H 
0 

nl 

■»-• 
> 
0 
IH 

OH 

4) 
u 
c 

4-) 

Q 

C 
0) 
u 

00 
d 

'd 
j; 01) 
•*-» •■Ö 
xs «) 
• •-J O i>. 
? ^ ■•-> 

<u XI 
•** 

c nS 
■ ** a 

S^ •—1 d 
0) 
d 

Q0 
d 

■«-1 

•—1 

n» 

g d 
0) 

O u 
• ■-« 

>H •O ■u K 
4J (4 

O S-i 
0 

a U «<-l d 
Q -Q W 0 

m 
^ 
M co u 0) 
^ M 

X3 O 
3 a 

U 
1 

(U a 
00 

(O 

1) »H •»-» 

O • •-4 

> 
V-4 

O to 
j-i --< 

Q. cd 

0) 
00 
(d 

(0 

(0 

1 
H-l 

d 
o 

d 
o 
CD 

> 
• •-1 

-a 

0 

Ü 

d 
o 

QO <; 

d ^ 

g  §- 
u 
Ü 

o 

+-> 
0) 

^J"   to 

2 .2 

aO 

<d o 

**\ 
™  a 

0 4, 
d X! 
O   •" 
i u 
(d   O 
d '*- 

H"1     8)      m 
«j o 

•M   X)   <, 
41    ß 

T3 
C 
O 
u 

-•-1 

to 

u 
* 4) 

o ao 
^ d 
00.- 

o . 
d ® 

.2 ^f 
Id JS 
.s ^ 

^3 

4) 

Q 

^   d   Vi 
4>   o _ 
Q J  o 

d 
o 
o 

0 2 

si    4) o a 
g^ 
r;   (d 
rt Ü 

.S   ^ 
BS 
u a»   to 
^   d 
4)    O 

Q ^ 

1 
o 
u a 

(d 

Ü 

a 0 

•- S +J o 

VM "O 
0 « 
d JJ 
o *■» 

•z: ^ 
fd O 
d ^ 

v. 
4) 

i) 
Q 

(0     tn 
4)   O 

(d   t>, 

ei 
o   H 

ti 0 

4) .d 
s-i  -3 
4)  .- 

■M  d 
S-I ^ 
0 Ü 

s ^ O    -M 

•»J d 
rt 0 
d .—< >N 

B 
u M 
i) 3 

*-> a 
4> 

Q s 
■ •■4 

*J 
t-H 
fd JC 

*** 

(O      Al 

a^ 
O  'Ö 

?1 
«d 

»H 

(d 

O 

rt 
4-> 
to 

li 
U 

d 
o 
to 

4) 

4)   N 
00-^ 
^1 

03 
(d 1 

s- 
O cd 

4-> 
4-> 

O • ••4 

V F-t 

S-l id 
S-i ^ 
w O^ 

d 
o 
IH 
+J 
M -^ 

<; 

6 
4) rj ro IT) 00 



I 
I 
i 
I 
I 
I 
r 
i 
i 
i 
i 
r 
[ 

c 
[ 
[ 

oj 
u I 

id 
0) 
u 

c 0) tJ 
U a 

6 
.Wl 

• .-4 

u 

0) 
1) 

2 ^ +-> I 0 to 
O 
u 
C 

ß 
0 

Vt-I 

0 
Ö 
0 

6 

4-> 

u 
0 

X 

0) 

1—( 

0 

c 

■ r-l 

rt 

o 
U 
4) 

91 h t-i Ü g 
+J 

^-( 0) XI u c r-( 

XI 4-1 .^-1 3 rt 
o U u Ö M *J u 
u TJ 3 • ^ u .•^ 

0. T3 
u 
u 0) 

rt 
•M 
c 

no 
u 

4-> 

a 
c 

rt 
rt 
2 

u rt 
C 

rt 
3 

-d 
cr 

V 
to 
0 

.-4 

rt 
■*-> 

to 
■*-» a t^ -^ M u 
0 d o 

U (X 4) 
> 

^K o 
W u 

a 
J 
c s 

1—1 

< 
H 

6 
4J 

c c 
0 0 .-^ 

-*-» <-> 
• «H rt 
(n h 

3 XI 
a- r-l 

u rt 
rt u 

.!-> +J 
ü c 
(U Oi 

H s 
a a 

«wi .«* 
3 3 
cr cr 

W U 

•ö I 

Ü V .^ 
■M 

rt 0 
u 4>   .w 

f—4 

rt 0 

to 

rt *-> 
to 

> 

u 

• —* 

0 

s X 

e 

»-< 
rt 

cr 
—i 

rt k 
an

d
 r

 
a
n

a
ly

s 
-t-" u *J o a^ u 

a 
q

u
ic

 
th

o
d
 o

l 
to 0) 

SI 
IM X! 

J2 
to 

to "i 

O 

(0 3 
r-H 

0 
to 

to 0 to 
r-H 

rt 
to 
rt c 

•*4 

rt O 
rt 
Ü 

C 
rt 

to 1   f. 
a 
e c 

O 

*■> 

rt 
u 

to 
rt 
0) 

2 

u 
u 

O P
ro

v
 

a
b

le
 

i 

s 
C 
o 
to Tl 

0 
tu O 

T3 
3 
rt 

4) 
4-> 

C 
o 

0) 

rt 
C 
rt 

4-» 

1—1 

c 
• •-1 4) 

X 

i-i 

rt 
rt 

M 0) 
N 

en 

rt 

1 J 

rt 

—i 
rt 
*J 
to 

o >s XI 
•f-l 

J3 VH 
4J 

4J Ü 1 

t—i 

rt 
o 
0 

rt 
N 

rt 
+J 
to 
i», 

Ü 

o 

U 
ty 

00 
c 

o 
o 
u 

rt 
(0 
tu 

4-i 

rt 

IM 
<—1 

< 
VM 

c 
>, 

4-> 

U 

a 
0 

♦J 

u 

Vl-i 

4-1 

r-4 

rt 
3 
cr 

^i 

rt 
4-> 

to 

u 
u 
c 
o 
IM 

X 

(U 
to 

(3 
0 

X 

E 
v 
0 
x: 
4-> 

u 

10 

rt 
4- 

to 

3 
i—i 
O 
to 

0 

3 
O 

• •-1 

rt 
c 

s 
0) 

4-> 

0» 

IU 
4-> 

0) 
-o 

C 
rt 
»M 

U4 
X 

OH 

3 

O 
IM 

—1 

3 
0 

u 

U 
T3 
3 
rt 

rt 
Ü 

0 

4-> 

u 
4) 

'in 

4-> 

^^ --^ 
X 
3 

i—i 

0 

4-> 
4-> 

rt 
ü 
to 

4-> 

X 
00 

X 
a 
rt 

00 
0 
*J 

0 
X 

.—i 
rt 

4-> 

to 

u 

X 
3 
u 

T) 
4) 

4-> 

u 
4) 

f-H 

4> 

0 
0 

3 
0 

rt 
3 

u 
4) 

4-t 

4) 

X 

X 

3 
O 

4J 

rt 
4~> 

3 
4) 
Ü 
3 
O 
u 
X 

4J 
U 
3 
4) 
U 
to 
4) 

O 
3 

w a u W ft 0 u Q <J a; to 0, (0 Q PU .—i 
VM 

o rj m 

00 
4) 
00 
rt 

0. 

to 
4) 

to 
3 

T) 
3 

»—( 

3 
O 

VM 
o 

O • *-< 
cn 

> 

rt 

3" 
O 
(4 



^^—^m 

Rll-454 

VI.    EXPERIMENTAL 

A.    Crystal Growth 

A summary of all runs made during the contract is shown in Table II. 

Two methods of grow..'- were attempted, spontaneous nucleation and growth 

on seeds. 

I.    Spontaneous Nucleation 

We have succeeded in controlling ruby plate thickness by varying the 

temperature gradient during growth.    In addition, we have demonrirated that 

thick plates can be grown as relatively flux free single crystals. 

Crystals of ruby were initially precipitated (see Runs No.   2 and 7) 

from mixed PbO-PbF2 fluxes using a formula developed by Linares.'**' 

Using a 100 ml crucible,  0. 2 m AI2O3 was added to 200 grams of flux 

consisting of 120 grams PbF2 and 80 grams PbO. 

From these 100 ml crucibles, and larger runs in 5 1/2 inch and then 

8 inch cans,  ruby crystallized as thin, heavily flux included,  laminated 

plates,  see Figure I.    A small portion of each run, however, contained what 

Linares referred to as a "rhombohedral phase",  small crystals of high 

optical quality, well defined faces and no included flux.    These crystals were 

usually found firmly attached to the wall or base of the Pt crucible,  see 

Figure 2,  as compared to the plates which were usually found on ihe surface 

of the melt. 

In the Third Semiannual Report, a procedure was described for 

growth of ruby crystals from molten salt solutions.    It has been observed, 

however, that only a small portion of this growth was in the form of thick 
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11.0 

40.04 
0.04 

26.5 

• .20 
0.054 
0.22 

0.41 
0.0032 
0. 10 

0 
0 
0 

I.U 
0.004 
0.27 

4000. V 
16. .11 
66.11 

600. IM 
2.45 

71.0 

4*20. 20 
24.42 

100.0 

,•.41. 00 
1.15 

44.4 

Growrh oi Al,0| I 
PbF, 

10" 5 1/4" 

Growta of Go dopod 10" 250 ml 
ruby from PbF, 

1M0 1305 !360 24 

gma 
moles 
m    ft 

■7.46 
0.66 

25.6 

0.4« 
0.0012 
0. 10 

0.41 
u. 045 
1.34 

600.00 
2.45 

71.0 

646.V7 
3.16 

44.4 

Sams as No. 2ft-1 Same Sam« Sam« as No. 2ft-1 

2ft. 14 
0.2« 

25.0 

U. 16 
0. Mil 
0. 10 

4.44 
0 024 
2. 12 

200. M 
0.(2 

72.7 

232. 74 
I.U 

44.4 

Sam« as No.  2ft. 1 Same Sam« Sam« as No. 2ft-1 

f m« 
tnolas 
ra    ft 

20:«.g0 
20.0 
17.1 

1(.24 
0.12 
0.10 

. 160. 50 
50.0 
41 » 

I1.0C1.50 
45.2 
34.1 

24,301.04 
115.12 
44. ft 

Crystal Growth 10" ft" 1300 1360 2« 

gma 
mol-js 
m    ft 

2446.60 
24.0 
41.0 

2.40 
0.016 
0.0] 

•240.0 
11.6 
M.4 

10.6*4.20 
57.62 
44.4 

Crystal Growth 10" •" 

gms 
mol«« 
m    ft 

146«. 0t 
14.40 
27.26 

2. (ft 
0.011 
0.014 

4416. 06 
M.4 
72.70 

10.••7.02 
^2. «2 
44.44 

Cryjtal Growth 1100 1340 2« 

gms 
mole« 
m    ft 

i as No.  11, Not Run 

gms 
moles 
m    ft 

gms 
mot«« 
m    « 

gms 
molss 
m    ft 

76.71 
0.75 

25. 0g 

(1.60 
0 (0 

11.33 

Ml 

0. 17 
0. Mil 
0.0*7 

0. I 
0. 0011 
0.046 

0.0« 

7.54 
0.040 
1. 14 

0 
0 
0 

540. 00 
2. 20 

73. 5« 

IW. 32 
1. 60 

66. 66 

624.47 
2.44 

100.4 

474.06 
2.40 

10C. 1 

21».61 

Ca doped ruby 10"' 
Hydro. 

Lab 

Klfect of higher con 10"              250 ml 
ceotratio« of Al,©, em Hydro, 
crystal growth Lab. 

Not Run 

1110 1300 1360 12 

1300 1)65 /4 

gma 
moles 
m    ft 

gms 
molss 
m    ft 

gt.is 
molss 
m    ft 

gms 
molss 
ir    » 

gms 
moles 
n<    ft 

20.4 
0 20 

17.34 

20.4 
0.20 

24.34 

4404. 24 
43.20 
27.26 

40.1 
0.40 

11.13 

«40«. ,.4 
41. 20 
27   >6 

0. Ig 
0.0012 
3.10 

0. lg 

0. M12 
0.15 

1.64 
0.056 
0.015 

0  Oft 
0. 0M5 
0.04 

1.64 
0.056 
0.035 

ill 

43. 

6 
50 
3 

110.1 

0. 4j 
14.1 

242.4ft 
1   15 

44 • 

Ce^ipansoo of corro- 
sion of Pt,  usr.g Ä0 
and P»,0, 

1" 

116. 

20. 

6 
17 
73 

110.1 

0.54 
54.«« 

247 4« 
0.(2 

10t.   2 

Pb,0, wt.   is reported 3" 

21,24«   II 
115.20 
72,70 

12 .661,06 
15(46 
100, M 

Cffect of largest melt 
possible on crystal 
quality 6 P.,   corrosion 

10" 

146.2 
0.10 

66.66 

217 0« 
1,20 

100.00 

Cffect of h-.h Al,0, con- 
'-entration on ciysul 
growth 

10" 

2«.<4«.1« 
115.20 

12 .66       s 
151.46 

Largs msll 10" 

0 72  70 IM.M 

•OO 1340 



TABLE H 

Furnace Cr-cibl« 

JO.   17, Lmdb*r|        100 ml 
rc «nt 

rr... 10" «Uml 
n( e»cl.. 

^p m«U 10" 14" 
>ro«tt> 

litf of 10" 100 ml 
n  100 

So4k Tsmptratur« 

U90 

1140        u«o 

^«Mk Ttm* Rate 
Cooling iKStSZaÜtl? ^lyiUl Yt«j4 Weight 

Los ■ 
Hour»  'C/t-t; ggUatgl       Pltt| gmo P»rr«M 

It 4 1) iOO 
<} 7*0 
1) 7« 
4) m 
S> 700 

4 5 7C0 

r75 31 

Ucomplat« lolut on in «wry cat« 

Ucomplat* •olulio*- 

C-ucibl« ua«d. 

Good ^u«hty flui fra» cryatd.    Vary heavy 
Cr coBCtotration. 

iS-l Sam« Sam« %ama aa No.   2S-1 S. 9 Incomptat« • >lutioa. 

t$-\ Same San Sam« aa Nc. 2S-1 53 Incomplala aolution. 

Sam« Sam* Sam« aa No.  25-1 19 {(Komplat-! •oluliop. 

bty of 10" 2S0ml 1350 1300 
A doped 
100« pfer* 

2fc-l Sam« S&ma Sam« a.a No.   16-1 

Stirrtng durmg growth cauaad •m-U.  badly 
(ormad cryatala. 

26-1 20" 100 ml Sam« aa No. 26-1 

U0» '«■«»» lO" * 1/4" Incoanplat« aolution. 

«doped 10" 250. 

20 • I S«m« San 

IMG 1)0« UoO 

Same aa No.   20-1 

Flux fcolidificd baloi« pour becaua« of p«deatal 
«ticking ia {urcacr. Stirring ag»in caused poor 
cryatal quality. 

20-1 Same Same Sam« aa No,   21- JO 

wth 10" 1400 1300 1360 It Inc-vnplvtE aolution. 

•th 10" ■" InctivnplcCa aelulioii. 

wth 10" t" 1300 1340 A* 1060 1100        394.2' 26.2 Crtoi cryatal pro<*th, no premeKing u««d. 

by 10' 2S0 ml 
Hydro. 

ttber con- 10" 240 ml 
>l A1,0S oa     Hydro, 
ttb Lab 

1340 1300 1360 

1300 1364 ;4 

n. i       20 Good cryatal growth and amall addttional 
l*hase. 

Cover came off cruciM« and PbFj evaporated- 

. of corra- 3" 100 ml 
taing PhO 

Crucible apiUed. 

1  reported 3" 100 ml 
'Tin 

iO Crr«tal growth.   No viatblc corroelon ia 
100 ml crucible 

rg*at m^lt        10" 
t ryatal 

1,   corroaion 

«h AljO, con-   10" 
on cryatal 

1)00 1340 24 Crucibl« (ailed and poasible spillag« fro 
ovcrdllinf. 

Incomplete aolution. 

6 
Caa overflowed. 



41 

41 

42-1 

Sim« Wrif tu« " '■'»■   W 

Ü*R>a Woijht» •• No.  SC 

0.0 
0 0 
0 c 

Sam« w..,l,u «> No. 42-1 

gmt )0.6 
mol«« i). >0 
m    « 27.2? 

Sun« WtifhM K No.  42-2 

41 |mi utim 1.24 
moUa 12. 10 0.021 
m   % 27  24 o.o^-" 

44 
l-J 

fma 
moU* 

40  8 
0.40 

0.0 
0.0 

m   % >J. U 0.0 

4i-l gms 40. g 
0.40 

0.0 
0.0 

m    % 11.11 0.0 

4J-2 <«m« W«vghtff «• ^,«- 4i-l 

4i-i S«m« Weight« «• Nu. 4S-1 

46 g.T-i 
male« 

32«. 0« 
12.10 

1.24 
0.021 

m   % 27.24 0,0177 

47 gm« 
mola« 

• 1.6 
0.10 

0.16 
0.0011 

m   % 11  11 0.046 

Sam« Weight «« No.  47 

gm« »»0 0.0» 
mol«« 0.16 0.00«; 
in   % 14 46 0.020 

»0 gm« 
mot«« 
m   % 

129 J. 11 
12  10 
27.24 

1.24 
0.021 
0.0177 

u gmt 
froUt 
m   % 

»C.fl 
O.M 

13.4« 

0.0 
0.0 
0.0 

52 «mi 
melas 
m   % 

WO 
0.«» 

Ii.4i 

0.0 
0.0 
3 0 

il 
muU« 
m   % 

100. c 
0,17 

17.74 

0.0 
0.0 
0.0 

»4 
!1 

fin« 
mole« 
m   % 

40.1 
0.40 

11. 11 

0.04 
0.0303 
0.01 

5* 
1-6 

Not Run 

56 gmt 
molaa 
m   % 

J2«. II 
12.10 
27.24 

1.24 
0.021 
0.0177 

57 gm« 
mol«« 
m   % 

• 1.6 
a. to 

11.11 

0.0 
0.0 
0.0 

5« gm« 
mole» 
m   % 

•0.0 
0.7^ 

1»   St 

0 0 
0.0 
0  0 

.»6.2 
O.iO 

72. 71 

226.) 
I. 16 

100. cu 

Sam« A» No.  11 

Sam« a« No.   10 

Soiub.hlr of A1,0, 
in Pbf, 

Same ar No.  42-1 

Sain« a« 'to.  42-2 

Utt4t>arg      100 ml 

TAOLt n   SCONTINUCn) 

Sam« ai Nu.  19 

1400 1100 

'100 

0 
0 
0 

21,146.41 
• 6.24 
72.74 

24 «42  «0 
11«. »« 
100.00 

1/« reduction In wt 
ol No.  19, Cr cone. 
raducr-4 by onc->tatf 

10" J" 

0 
0 
0 

l»i. * 
o. to 

66.61 

217.0 
1.20 

99.99 

SiU.btlilr .-,( AU0, 
in Pof, 

Cindfoerg 100 ml 

0 
0 
0 

196.2 
0.H 

66.66 

217 0 

1.20 
99.99 

Solubililr ol Al.O, 
in Fbr, 

Sam« a« No.  45-1 

Same a« No.   45-1 

Lindberg :00mi 

0 
0 
0 

21.146.4« 
•6 24 
72.74 

24.442. (0 
11»  56 
100 00 

E(f«^t M t  I gm« 
AliO, seed on cryaUl 
growth 

10" «" 

0 
0 
0 

192.4 
1.60 

66.66 

474.16 
2  40 

100   1 

SwivViUty of Altl, 
la Pbrj 

1" 25« ml 

Sam.- Same Sam« 

0 
0 
0 

192.4 
1.60 

6S.04 

4<S0. 56 
2.46 

100.0 

Seeded crystal growth 
«t. of Al-0, include« 
«eed of 6.40 im«. 

1" 2!0ml 

0 
0 
0 

a. 146. 69 
U 24 
72.74 

24.441.04 
i:>. 56 
100.00 

Effect of U nperatvre 
gradient on cryaut 
growth 

10" »•' 

0 
0 
0 

192.4 
1.69 

65.25 

4*2.4 
2.4« 

100. 71 

Solubility ol Al,0, 
in PbF, 

1" 250 ml 

0 
0 
0 

192.4 
1.60 

65.25 

«2.4 
2.4« 

100.71 

Solubility ol A^O) 
in PbFg 

r 2      .nl 

0 
0 
0 

192.4 
1.60 

62.26 

492.4 
2.57 

ieo. o 

Solubility <•< AUO, 
in PbF, 

i" 250 ml 

0 
0 
0 

196.2 
0.10 

66.66 

217.04 
1.20 

100. 02 

Effect of C • on «ol. 
ol A 1,0, in PbF, 

Liadbe-g 100 ml 

0 
0 
0 

21,146  6» 
16.24 
72.74 

24.441 04 
11«. 56 
100.00 

Cryatal Growth 

0 
0 
0 

192.4 
1.60 

66.64 

474.16 
2.40 

«99 

Solubility of A1,0 
■n PbF, 

0 
0 
0 

111.» 
1.2« 

62.11 

191.9 
2.06 
♦9.99 

Solubility ol Al«« 
i> PbF, 

1"     250 ml 

I"     25« ml 

1100 
1200 

1101 
1!00 

12»0 
1400 

1400    1100 

1400 

1400 

1200 
1)00 
I40C 

.150   1900 

1500   140« 

12 

it 

4» 
24 

4» 
24 

16 
24 

16 

» 

25 

25 

A 



TAfcLfcU   (CONTINUCn) 

S*m« At No.   If 

140C uoo 

•dbai) 100 ml no» 

1100 
»•00 

1100 
uoo 

12 

24 

24 

12 1022 )l 

• -• Cruclbl« «tuck in furnact 

4, ) Partial •clulion.   Poutid (lux. 

6.7 Parltal aotution. 

Partial aolution 

Two alairanta uilod and lurnact coolod rrpidly. 
Vaxgr email cryalala. 

L.sdbj.j      100 ml AljOj mulll« collapaad.   Cruciblaa aptllad. 

Ltadbarg      100 ml AliO, ditaolxd oa'ly. 

1200 
UOO 

1400 1100 13)0 

)b 
24 

• 00 2S 

tad (all olf during took.   Not uaad. 

AljO, partially diiaolvad. 

Saad apporanlly diaaolvad.    flua mcludod platal. 
Hoating otomant failure. 

lacorrplota aolulion. 

Sam« Same 

. *th 1" 2SO ml 

1400 

1400 

16 

I 

2» 1220 

1000 

J7 

it 

Coniploto aolution.   Good cryatala. 

Good aeahfia ^ can.   Growth on atad amall hut 
many amall plataa attachad to II. 

Crucibla failad. 

Incomplota io'utio«. 

V 2» ml Soak tomparajjra not loog anough. 

)" 2i0 ml Covar cam« off crucible. 

Uadba-g     100 ml 1200 
1)00 
1400 

1)50 1)00 2.0 1040 Rotation during cooling. 

)" 2S0ml I'«»« '«' 

)" 250 ml I** >«• 

e 



Run No. Unit» 

gm« 
mole« 
m* 

201S.S 
20.00 
33.33 

Compoaition of Run 

C rjOj             G«!^, 

2.04                   0 
0.013                0 
0.022                 0 

PbF, 

?80<>. 4 
40.00 
66.66 

Total« 

11.847.2 
60.01 

100. 02 

Purpose of Bun 

Cr)r«tal growth 

Furnace 
Used 

10" 

Crucible 
Used 

8" 

Soak Temperature 

Pedestal      Plug 

1195              

rci 

Set 

60 1450 

61 
1-5 

gm« 
mol«« 
m% 

40. S 
0.40 

53.33 

0.0 
0  0 
0.0 

0 
0 
0 

196.2 
0.80 

66.66 

237.00 
1.20 

99.99 

Sclufailily data (1) Lindberg 
(2) Li dberg 
(1) Uadberg 
(4) Uadberg 
(5) Lindberg 

100 ml 
100 ml 
100 ml 
100 ml 
100 ml 

---• 
.... 

1100 
1205 
1000 
1105 
1J95 

62 gm« 
mole« 
m % 

80.00 
0.78 

37.86 

0.80 
0.005 
0.24 

0 
0 
0 

311.90 
1.28 

62.11 

194. 70 
2.06 

100.21 

Solubility data No.  5H.T.L.  250 ml ----   1400 

63 gm« 
mole« 
m % 

4077. 60 
40.00 
33.32 

4.08 
0.027 
0.022 

0 
0 
0 

19618.80 
80.00 
66.67 

21.700.48 
120.01 
100.01 

Effect of ruby seeds 
(total wt.   . 42 gms) 
on nucleatioo 

10" 8" 1400   1450 

64 gm« 
mole« 
m% 

4077. 60 
40.00 
33.33 

0.408 
0.0027 
0.002 

0 
0 
0 

19.618.80 
80.00 
66.66 

21.698.81 
120. 00 
99.99 

Effect of ruby seeds 
(71.1) on crystal 
growth 

10" 8" 1400     

65 gm« 
mole« 
m* 

81.6 
0.80 

13.13 

0.0 
D. 0 
0.0 

0 
0 
0 

392.4 
1.60 

(6.66 

474.0 
2.40 

99.99 

Test effectiveness 
of analytical pro- 
cedures 

5" 250 ml 1400   1500 

66-1 gm« 
mole« 
m% 

81.6 
0.10 

11.11 

0.0 
0.0 
0.0 

0 
0 
0 

192.4 
1.60 

66.66 

47*. 0 
2.40 

99.99 

Solubility daU 5" 250 ml 1120     

66-2 gm« 
mole« 
m % 

81.6 
0.80 

11.11 

0.08 
0. 0005 
0.02 

0 
0 
0 

192.4 
1.60 

66.66 

474.08 
2.40 

100.01 

Solubility oat* 5" 250 ml 1120     

67-1 gm« 
moles 
m* 

81.6 
0.80 

11.11 

0.0 
0.0 
0.0 

0 
0 
0 

192.4 
1.60 

66.66 

474.0 
2.40 

99.99 

Solubility data 5" 250 ml 1000     

67-2 gm« 
mole« 
m% 

81.6 
0.80 

11.11 

0.08 
0. 0005 
0.02 

0 
0 
0 

192.4 
1.60 

66.66 

474.08 
2.40 

100.01 

Solubility data 5" 250 ml 1000     

6« 
1-6 

gm« 
mole« 
m* 

71.4 
0 72 

11.13 

0.07 
0.0004 
0.02 

0 
0 
0 

1S1.2 
1.44 

66.66 

426. 67 
2.16 

100.01 

Solubility data 5" 
5" 
5" 
5" 
i" 
5" 

250 ml «104 
250 ml « 102 
250 ml «115 
2$0inl«ll7 
250 ml «10S 
<5>ml «118 

1400 
1400 
1400 
1400 
1400 
1400 

.... 
  

69 
1-6 

gm« 
mole« 
m % 

30.6 
0.10 

27.1 

CO 
0.0 
0.0 

0 
0 
0 

196.2 
0.80 

72.7 

226.8 
1.10 

100.0 

Solubility data Lindberg 100 ml     900 

70 gm« 
mole« 
m % 

1359.20 
11.11 
11.32 

0.116 
0.0009 
0.002 

0 
0 
0 

6519.60 
.26. 67 
46.67 

7.898.94 
40.00 

100.01 

Effect of ruby seed«     10" 
(1J.9 gms) on crystal 
growth 

8" 1400 1100 1460 

71 gm« 
mole« 
m% 

Same Wt. as Run No. 64 Effect of ruby seeds 
(71.1 gm«) en 
crystal growth 

10" 8" 1400 1410 1460 

72 
1-6 

gm« 
mole« 
m« 

10.6 
0.10 

27.1 

0.0 
0.0 
0.0 

0 
0 
0 

195.2 
0.80 

72.7 

226.8 
1.10 

100.0 

Solubility data Lindberg 100 ml       

71 
1-10 

gm« 
mole« 
m % 

71.4 
0.72 

11.11 

0.07 
0.0004 
0.02 

0 
0 
0 

151.2 
1.44 

66.6« 

426. 67 
2-16 

100.01 

Solubility data 5" 250 ml «Ul 
250 ml »122 
250 ml «121 

1400   
.... 

250 ml «124 
250 ml «125 
250 ml «126 
250 ml 1127 
250 ml #128 
250 ml 4129 
250 ml «IM 

7* gtr 
moles 
m* 

Same Wt. ae Run No. 64 

75 Same Wt.  a« Run No. 64 

76 Sam « Wt. a« Run No. 64 

77 Same Wt. a« Run No. 64 

78-1 gm« 
mol«« 

146.8 
1.44 

11.11 

0.14 
0.0009 
0.02 

0 
0 
0 

706.4 
2.88 

66.66 

• 51.14 
4.12 

100.01 

78-2 gm« 
moles 
m% 

146.8 
1.44 

11.11 

o.o 
0.0 
0.0 

0 
0 
0 

706.4 
2.88 

66.66 

851.2 
1.12 

f.. 99 

Effect of ruby «eed      10« 
(79.4 gms) oo 
crystal growth 

Same a« Run N9. 64    10" 

Sam« a« Run No. 64    10" 

Sam« a« Run No. 64    10" 

Effect of premeltlng       5" 
on 250 ml crucible 

Effect of premeltlng      5" 
oa 250 ml crucible 

1400 

8" 1400 

8" .... 

•" 1400 

250 ml 1400 

250 ml 1400 

A 

1410   1460 

1430   1460 

1410   1460 



Furnace 
Purpotg of Run U»ed 

^rytUI growth I01' 

Crucible 
Uied Pede.Ul       Plug Set 

1195 

TABLE  H 
Pour 

Cooling     Tempenure ('C) Cr/ntl Yield 
Gradient during       Soak Time Rate 

cooling CC) (hou.-a) CC/hr)      Pedeatal      Plug Grama        Percent 

MSO iO li 0.5 1200 X 

Flux Wen 

Grama 

olubility data (1) Lindberg 100 ml 
(2) Lindberg 100 ml 
(3) Ltndberg 100 ml 
(4) Liadbcrfi 100 ml 
(S) Lindberg 100 ml 

olubility data No.   5 H. T.L. 2S0ml 

M00 
1205 
icno 
1105 
1395 

1400 

96 U 
72 0 
24 0 
48 0 

120 0 

16 1400*0 

4.55 
5.45 
6.50 

29.00 
47.20 

40.00 

effect of ruby ieedl 
total wt. i 42 gmaj 
>n nucleation 

10" 1400 1450 12 UOO'C 

KU*e' ot ruby teeda     10" 
71. 3) on cr/ttal 
rowth 

1400 

eat effectiveneaa 
I analytical pro- 
-durea 

250 ml 1400 1500 16 1400'C 13.7 

clutility data 250 ml 1320 16 1320*C 93.0 

olubility data 250 ml 1320 16 1320*0 8.3 

olubility data 250 ml IS 1000*0 8.7 

olubility data 5" 250 ml 1000 16 1000-c 12.4 

olubility data 250 ml (104 1400 
250 ml f 102 1400 
250-1.1 IMS 1400 
250 ml #117 1400 
250 ml i 105 1-.00 
250 ml »118 1400 

olubility data Lindberg 100 mi   900 

0 1090*0   32.6 44.4 4.2 
0 1190*0         
0 925*0 945 45.8 62.4 27.1 
0 1J50*0   10.0 13.6   
0 1240*C 1290 1'  9 24.4 51.7 
0 1000*0 1040     — 

16 12 800*C 

-.£fect of ruby teeda     10" 
;3.9 gma) on cryatal 

; rowth 

1400 1300 146!. -100 12 1.0 1000*C 800 58.9        2358 

:ff*ct of ruby aeeda     10" 
171. 3 gma) on 

ryrtal gro»th 

-olubility data Lindberg 100 ml 

1400 1430 1460 30-210 12 l.i 940 •; 1150       2273 55.7        1US 

olubility data 

Ucct of ruby aeed       10 
79.4 gme) on 
ryatal growth 

am« aa Run NQ.   64     10" 

-amc aa Run No.  64    10" 

-amc aa Run No.  64    10" 

.ffect of prcmclting       5" 
on 250 ml ^lucible 

250 ml #121 1400     
250 ml «122     
?50ml #123   
250 ml #124     
25C ml #125     
250 ml #126     
250 ml ■ 127     
250 mi #128     
250 ml #129     
250 ml #130   

8" 1400 1430 1460 

8" 

8" 

8" 

250 ml 

1400 

1400 

1400 

370 

1430 1460 

1430 1460 200 

18 2.5 J350*O 
12 i.i 1240*C 

12 mm l)ll*C 
12 .- 1190*0 
6 .. 1150*0 
6 .. 1000*0 

12 -. 1150*0 
6 ■- 1100*0 

.. 

8 1/2 

7 1/2 

7 1/2 

12 

1.5 1000*0 

1000*0 

0.32 0.44 23.1 
24.0 32.7 56.7 

15.3 20. S 2T.0 
25.9 35.) 51.2 

4«. 3 65.1 191. 5 
28.7 39.1 22.6 
33.0 45.0 45  4 

970*C       1)40       1590.9 

12<3 

39.0 

30 

effect of premelting       5" 
on 250 ml crucible 

250 ml 1400 12 1000T. 



Pour 
Cooling Temperature {'C) Cryltal Yield flux Weight Loai 

rn. Soak Time Rate 
;]__ (houn) CC/hr) Pedeetal      Pit i Gramr        Pene-M Gram»       Percent 

12 O.S UPO-C                  

9S 0 
7i 0 

24 0 

4t 0 
120 0 

Rtmarln 

Good cryitaU, thin platek with very few flux incluaiont, 
heavy Cr dopant concentration,  cover came off 8" can 
during run. 

16 MOO'C 

4.» 2.3 
S.4S 2.: 
6. »0 J.J 

29.00 u e 
47.2» 24.1 

43.00 12.7 Slight ipillage 

12 1100'C Pt can developed leaka. 

Alumina plug broke a'd fell on crucible. 

16 1400-C 13. T i.i 

16 >.320'C 93.0 2'.7 

16 1320*0 0.3 2. 1 

16 JOOO-C ».7 i.i 

16 lOOO'C 12.4 3.2 

0 1090-C   32.6 44.4 4.; l.i 
0 1190-C         — 
0 92 5'C 94S 45 « 62.4 27.1 7.7 
0 U50-C   10.0 13.6   ... 
0 1240«C 1290 IV. 9 24.4 51.7 14.6 
0 1000'C 1040         

12 800 "C 

lighlW inderdixokved. 
Sligh- »pillage. 

Intomrlete «olution. 

Incomplete aolutlao. remainder of run Called. 

12 1.0 1000*C «00 5«.9        235« 16 Thin lufey plate«, aeed diaaolvcd. 

12 1.5 940,C       1150       2271 55.7        1145 Thick ruby plate*, lead dieeolyed. 

Run {«iled »hen Pi. crucible» reacted «itk 
SiC mulfl«. 

IS 2.5 1150-C   0.12 0.44 21.1 5.4 
12 2.5 1240'C   24.0 12.7 56.7 D.l 

12 .. Illl'C ...» 15.1 20. a 27.0 6.1 
12 -- «.193*C   25.9 15.1 51.2 12.0 
6 -. USC'C           
6 .- 1000-c   40.3 65. > 191. S 44.9 

12 -. 1150"C   2«. 7 19.1 22.6 5.1 
6 — UOO'C   31.0 45.0 45.4 10.6 

.... .... .... ... 

8 1/2 1.5 970'C       1140       1590.9 19.0 

Pt. cover opened lUgMlir. 
Plug broke and fall on crucib.e. 

Incomplete aolatioa. 
Corer openad. 

Scad cam* looee aM Coated 19 up at mad, no 
growth on eaed. 

7 i/2 

7 1/2 

12 

1.5 lOOO'C               1221 10 

lOOO'C           

Pi. can failed. 

Programmer not a«l, run poured after 20 hr. aoak. 

Growth 00 eaed achianF-td ai aarlca «I plat««. P* eaa .'ailed. 

Furnace failure. 

12 lOOO'C Furnace Jailor». c 



■ ;= 

i 

r 
i 
i 
i 
i 

Run No. 

I 
I 
I 
I 

79. 

80. 

81. 

82. 

83. 
1-9 

84. 
1-12 

85. 

8f. 

87. 

Mol.  Wt8. 
Unit« 

gm» 
moles 
m% 

gms 
moles 

gms 
moles 
m% 

gms 
moles 
m% 

101.96 
A1203 

3/:75. 0 
30. 17 
27.00 

4,077.60 
40.00 
32.91 

5,709.09 
56.00 
50.00 

4,545.40 
44.59 
35.87 

See Tablelllfor attails 

See Tabldll for detail» 

gms 
mole« 
m% 

gin« 
moles 
m% 

gms 
moles 

Composition 

152.02 
Cr^j 

0.30 
0.002 
0,002 

0.40 
0. 002b 
0.002 

0.56 
0. 0037 
0.003 

0.00 
0.00 
0.00 

187.44 
G.20, 

0.00 
0.00 
0.00 

0.00 
0.00 
0.00 

0.00 
0.00 
0.00 

0.00 
0.00 
0.00 

4,545.40 0.00 0.00 
44.59 0.00 0.00 
35. 87 O.CC 0.00 

4,545.40 0.00 0.00 
44.59 0.00 0.00 
35.87 0.00 0.00 

73.* 0.007 0.00 
0.72 0. 00004 0.00 

33.80 0,002 0.00 

245.21 
PbF, 

20,000.0 
81.56 
73.00 

19,618.80 
81.54 
67.10 

19,545.40 
79.71 
64.13 

346. 0 
1.411 

66.24 

Total« 

23^075.30 
111.73 
1C0.0C 

2^96.40 
121.54 
;00. 00 

Purpose 

Effect of Sited ( 13. 3 
on growth 

Growth on xuby aee(i(j 
gms) 

13,731.80 19.4i4C.39 Growth on ruby eeed (j 
56.00 112.00 gma) 
50.00 100.00 

19, 545. 40 24090. 80 Grov.th on * ruby dee«! 
79.71 124.30 using ruby nutrient 
64.13 100.00 

Solubility of A^Oj in j 

19,545.40      24090.80 
79.71 124.30 
64.13 100.00 

24090.80 
124.30 
100.00 

Solubility of A1203 in 

Growth on ruby seed 
(221, 3 gms) using rub 
nutrient 

Growth on ruby seed 
gmshising ruby nutrie 

Effect of 14 gms BO, 
on PbF^ flux and on 

433.4 
2.13 

100.042       A1
2G, growth 

4 „ 

V 

i 

I 



TABLE i: 

Soak                           Tempi"C)  Gradieat Soak Cooling 
during Time Rdte 
cooling 

Pi'-?        So»               CO (hrs) CC/hr) Purn. »e Furnace       Crucible Ped. 

fseod ( l>.3 gn.g) :0" 8" 1160 1260 i300 1CÜ.C 6o 

Pour 
Temi •c 

Ped Plug 

1160 U60 

xuby seed ( i9 10" 8" IZZO iS00 1300 80 60 1220 1300 

ruby aeed'248.6 10" 

% ruby 3e<*d 
uutrient 

10" 9" 1000 

jof Al203 in PbF2 3"    2SO ml 1400 

|of A1203 in PbF2 

- ruby peed 
}t) using ruby 

3"    250 ml 

10'' B" 

1400 

1230      1140 1250    90    72 10 103 0 940 

ruby seed (183 
ruby nutrient 

10" 8" 1265      1205 1300     65    672 IZb' 1203 

[4 gme Bi03 
lux and on 
»th 

3" 250 ml 1400 1000 

t 

6 



Pour Crystal 
Yield 

flux 
Wt,  Ion» 

Pcd Plug Cm» Uil'.S % Remarks 

1160 1260 

1220 13Ü0 

Seed dissolved and no cryatals grew.   O   used 
and no visible corrosion in pt can after run. 

Rotation on during entire run. 

Seed dissolved.   Small excess Al^Oo powder 
on base of crucible.    Very little corrosion 
obf «rvcd in pt crucible.   O   used. 

R n failed due to leaky can.   Can had failed 
previously and had had a new base added.   The 
Joint  failed and the can VJCS scraped. 

Wt sh     n for AKO, is actually ruby.    This ruby 
vvas from previous crystal growth runs.   No sig- 
iiificart growth deposited on seed, but neither it 
nor nutrient dissolved completely. 

Table III   contains details of these experi   tents. 

103 C 940 

fable III   contains details of these experiments. 

Very little grovth. No large crystals. 

1265 

1000 

1205 

38.5 

Much growth but not single crystal.   No 
apparent Cr concentration gradient 
Much platey growth on seed Sc undissolved crust. 

Very large flux free ruby plates. 

f 

is 

•m m mm- \ fgftgmm^***?' 
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RU-454 

Experiiriental (Cont.) 

plates.    These thick plates were usually found at, or near, the bottom of 

(2) 
the crucible.    As suggested by Linares      ,  replacing PbF? witn PbO 

favored the crystallization of thick plates,  but only ai the expense of 

sharply reduced A^Oo solubility.    The problem,  therefore,  was to define 

growth condit; ins which control plate thickness. 

A number of runs were made in which the vertical gradient was varied 

both in direction and magnitude.    Runs No.  50,  60 63,  64,  7C, and 71 were 

designed to determine the effect, if any,  of temperature gradient on plate 

thickness.    Early runs were generally made with the supporting pedestal 

about 30 C cooler than the plug, and the crucible was positioned so that 

the top was as close ?-s possible to the bottom of the upper furnace plug. 

It was felt that the temperature difference as measured at the pedestal 

and plug would at least bear some relation to the Internal gradient in the 

melt.    In Runs No.  50, 60,  63, and 64, where there were small temperature 

differences in either direction, or where tL    pedestal was hotter than the 

plug, very thin plates were grown.    It was felt that a large gradient was 

desirable,  but this was difficult to obtain because of the high temperature 

involved.    If a temperature difference of 200oC was needed, for example, 

with a pedestal temperature of l400oC, a plug temperature of l600oC would 

be required.    This temperature is, of course,  beyond the design limitations 

of the furnace.    This problem was solved by imposing the gradient only after 

the soak period was completed.    This was accomplished by slowly lowering the 
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Rll-464 

Experimental (Cont.) 

pedestal until the proper temperature difference was achieved.    A' this 

point,  the cooling cycle '"as begun. 

The growth procedure used was as follows: 33. 33 m percent AUOo in 

PbF2 were heated with stirring to l400oC in a Pt crucible lor a sufficient 

time to insure complete solution usually in about 4 hours.    Stirring was 

accomplished during the soak period by rotating the pedestal first in one 

direction and then in the other.    This procedure aided in the rapid solution 

of the AI2O3.    Oxygen was pumped into the furnace during the entiro run. 

The pedestal was then slowly lowered to a position sufficient to produce a 

200oC temperature difference from top to bottom of the crucible,  with the 

top maintained at l400oC.    The bottom of the crucible was cooled at no 

more than I. 50C per hour to l200oC at which point the entire furnace was 

cooled at I. 50C per hour to 10000C.    The molten lead fluoride was decanted 

at 10000C and the crystals were washed in 50 percent HNOo. 

It appeared that when ruby was crystallized from PbF2 a condition of high 

super saturation existed prior to nucleation.    When nucleation did occur, 

many small crystals formed, which grew rapidly as thin plates, trapping 

flux between adjacent layers.    Much of this growth was very loosely 

attached to the crucible, if at all,  and was free to float to the surface of 

the melt.    If the surface of the melt was cooler than the bottom, these 

poor quality crystals grew fasten than those adhering to the base or walls 

of the crucible below the surface of the melt.    But if the top were maintained 
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Rll-454 

Experimental (Cont.) 

considerably hotter than the bottom, this initial nucleation in the form of 

very thin plates redissol/ed at the top of the melt,  leaving only the higher 

quality slower growing ruby which was firmly attached to the base and walls 

of the Pt crucible.    Further improvement in the size and quality of ruby 

crystals was achieved by the addition of 3 percent B2O3 to PbF2.    B2^3 seems 

to have the same favorable effect on ruby that Van Uitert(3) has reported 

for yttrium aluminum garnet.    The B2O3 apparently reduces the ability 

of the flux to supersaturate. 

While improvement in crystal size and quality was observed using 

spontaneous nucleation techniques described above,  it was felt that still 

better results and better control could be achieved through the use of ruby 

seeds.    Therefore, attempts to grow ruby on a seed were begun. 

2.    Growth on Seeds 

Attempts to produce significant growth on a ruby seed were made 

in Runs No.  63,  64,  70,  71,  74,  75,  76, and 77 by slowly cooling a melt 

from l400oC to 1000oC.    Because of the large difference in weight between 

the AI2O3 powder added as nutrient ?.nd the ruby crystals available as seeds, 

it was necessary to define soak conditions much more precisely than previously 

to avoid dissolution of the seed.    It was also necessary to keep the seed on 

the bottom of the melt since ruby floats in molten PbF2; the seed was tied 

to a platinum sheet with platinum wire.    In all the early attempts, the seeds 

dissolved.    Run No.   77 was the first partially successful attempt.  Here a 
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Ril-454 

Experimental   (Cont. ) 

platinum wire was passed through a hole drilled in a flame fusion ruhy of 

32 grams.    Similar weights and conditions were employed as in No.  74.    We 

succeeded in obtaining about 20 grams of growth on the seed.    A large part of 

this growth was in the form of epitaxially attached parallel plates,   instead 

of the solid single crystal growth we had hoped for. 

Several additional attempts to obtain growth using a seed tied to the 

bottom of the crucible and the bottom maintained cooler than the top were 

not successful.    In each case, the seed dissolved or growth was dendritic. 

Finally in Runs No.  82 and 85,  a positive gradient with the plug cooler 

than the pedes'0.! was used.    A Pt baffle, which served to hold solid pieces 

of ruby nutrient on the bottom of the can Wc.s  ased, with a large ruby seed 

attached above the baffle.    The melt was soaked at 1250"C for 3 days with 

rotation, then cooled to 1000oC at 1 0C per hour.    Very little growth was 

present on the seed,  and what was present was not one s'ngle crystal. 

One final run (No 86) was made using a positive gradient and ruby 

nutrient held behind a protective baffle.    This time no cool down was 

made so that growth would be entirely due to circulation of solvent. 

A 4 week soak with rotation at 1270oC was followed by a pour at 1270oC. 

A crust had formed on the surface,  which had served as nucleation centers 

for many small crystals of high quality.    The seed crystal was covered 

with the usual array of small plates. 
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RU-454 

Experimental (Com.) 

It would appear that successful growth ox ruby crystals on seeds will 

require very accurate control of gradients within the crucible as well as 

circulation of the melt and cooling rates.    White'1' reports that while 

small scale growth up to 5 mm on seed crystals has been achieved,  larger 

scale growth up to 25 mm has been of poor quality.    He feels that seed 

quality and growth rate are important parameters. 

B.    Solubility Studies 

Runs No.   73,  83,  and 84 were made to determine the solubility of 

AI2O3 in PbF2 and the effect of Cr on this solubility.    Some experimentation 

was necessary before a successful method was produced.    The main difficulties 

associated with solubility determination in flux systems are to ensure that 

equilibrium conditions are reached and to eliminate evaporation as a factor. 

The term "solubility" should be put in quotes when referring to ruby since 

we are precipitating a dilute solid solution of C^Oß in AI2O3 and there is 

a distribution of C^Oß between the solid and liquid phases which is proportional 

to the amount of chromium oxide dissolved in the liquid solution. 

1.    PbF2-Al203 System 

Giess'4' and White' ' measured the solubility of AI2O3 in 

PbF2 by measuring the loss in weight of a sapphire rod immersed in PbF2 

enclosed in a sealed platinum tube.    The major problems were with vapor 

leaks which were detected bv weighing before and after heating,  and insure 
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Experimental (Cont.) 

that equilibrium conditions actually existed.    White reported that 

equilibrium was attained after about 16 hours at 1200oC, but the problem 

of vapor leaks prevented temperatures in excess of 1250 degrees from being 

measured using this technique. 

Because of the difficulties experienced in completely sealing the 

Pt tubes, a second technique similar to the one developed at Airtron was 

used by White.    This technique consisted of heating pieces of corundum 

in a crucible for appropriate times at each temperature, then quenching and 

analyzing pieces of the resulting solid for alumina content. 

White reported 25. 6 mole percent AKO^ solubility at 1200oC, and 

Giess1 value was 26.6.   A curve of Giess' and Whit    s values are shown in 

Figure  3.       It can be seen that both these curves are apparently straight 

lines.   However, neither White nor Giess were able to measure the solubility 

of Al^O, in PbFo at temperatures above 1300oC.    Two runs were made by us, 

one at J350oC and one at l300oC to determine the solubility of Al^Oß in this 

region.    These values are consistent with an extrapolation of Giess1 curve. 

2.    PbF2 - Dilute Ruby 

Solubility of dilute ruby in PbF   was measured in a number of runs 

[ 
| were dissolved in PbF2 at 1400 C with rotation.    The furnace was slowly 

summarized in Table III.    Best results were obtained when Al O,. and Cro0 2   3 23 

cooled to a specified temperature, and the melt, which was decanted into a 

platintun curcible immersed in cold water, was analyzed for Al O  .    This 
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Figure 2 
Comparison of Ruby and Sapphire Solubility in PbF^ 

Page 19 
Airtron,  a division of Litton Industries 



Compoallio 

Rua    mo) wta 
«       Unlu 

101.96 
A1,0, 

152.02 187. M 
G«,0, 

24«.21 
>UlJ     f 

Soak 
Time 
dir.. ) 

Temp, 

''oak  Qucach 

Klu. 
207. .M 

Analyaii 
245.21     24S 
PbF,        PbF,     Al.u 
icalc't    fbv dift) 

I   101. ^b     H2.02     137. 44 
Cr^O,     CJOJ     raul        w>b 

Cryal 

to 

7J 
1-S 

gmc 
mole* 
m% 

71.4 
0. 72 

JJ.33 

t.OT 
0  0004 
0.02 

0.00 
0.00 
0.00 

Hi. 2 
1.44 

66.64> 

Mi.il 71-1 
2. 16 

!C0. 01 

»•>.02    \*.tb 
0.347    0. IS 

!)<!. 62     \0. 18 

0.003 
0.00002 
0. 004 0.00 

100. 00 
0.497 

100,00 

,17       44.S16 
n.979 

■»9.89 

73-1 88. 18    ! '.80 
0.360    u. 12 

75.00    25.00 

0. UÜ3 0. 00 
0.Ü0ÜU2 0.00 
0.004       0.00 

100.00 
0. 480 

100.0J 

99. 89J 
0. 980 

99, 92 

1400     311 71.96 

1400   im 75. U 

86.24       i.Tj 0. 00 00. 0Ü .00.00 3. ".O 99,803 

0. i')2    ü. 13 0. 00 0.00 0.482 0.979 

73.13        3.97 i. ft 0.00 100.00 <9. 86 

88,36    11.64 0.00 00. JO 100.00 2.04 99. 86f 

0.360    0.11 0. oc 0.00 0.470 0  980 

76.60    23.40 0.00 o.oo 100.00 99.90 

14"0    1150 7<.61 

7S. 87       89.78 

92.05 7.94 0.00 0.00 100.00 !.90 99.890 

0.375 0.08 0.00 0,00 0.455 0. 980 

»2.42 17.!8 0.00 o, oo 100.00 99.92 

«9.3! 10.67 0.00 00.00 100. 00 3.42 ?9.91i) 

0. 364 0. 1 I 0.00 0.00 0.474 0.980 

76.79 23.21 0.00 0.00 100.00 99.83 

89.52 10.4/ 0.00 00.00 100.00 2.17 99  905 

0, 365 0. 10 0.00 0,00 0.465 J. "BO 

78.49 21. 51 0.00 0.00 100.00 99.83 

83        Same wt« aa 73 loov« 
1-9 

82.41  97.52 91.57  8.40  0.016  0.00  100.00 (.76   99.942 
0.373 0.082  0.00030 0.00    0.455 0.980 

81.98 18.02  0.002  0.00  100.00 99.'•5 

85.42 S4.56  0.004  0.00  100.00  2.71 
0.348 0.1-3 0.00003 0.00    0.491 
70.88 29.12  0.006  0.00  100.0? 

1400 1150   77.80  92.07  89.57 10.43  0.00 
0.365    0.102    0.00 

78.16    21.84      0.00 

3.00      100.00     5.29 
0.00 0.467 
0.00      100.00 

99. 770 
0.979 

99.84 

100.00 
0.981 | 

100. 00 

S0.>;6       95.81 89.82    10.16      0.O0 
0.366    0.100    0.00 

78.54    21.46       0.00 

0.00      100.00     1.13 
0. 00 0. 466 

0.00      100.00 

100.00 
0.981j 

100.00 

78,76       93.10       90.40      9.60 
0. 369   0. 094 

79.70    20. 30 

0.00 0.00       100.00     1.75 99.892 
0.00 n. PC 0.463 0.9Ü0 
0.00 0.00       100.00 99.82 

75.23        89  03       91.70      8.28       0.O0 0. Ou       100.00     1.34 
0.374    0.081     0.00 0.00 ?. <55 

82.20    17.80       0.00 0.00       100.00 

99.890 
0.980 

99.82 

84 gma 73.4 0.00 1.87 
UU mitea 0.72 t.OO 0.01 

m» 33. 18 0.00 0.46 

gma 7J.4 0.00 7.87 
mola« 0.72 0.00 0.04 
m* 32.73 0.00 1.82 

353.2 428.47)84-! 
1. 44 2. 17 '-A 

66.36 100. 00) 

353,i 434.47184-2 
1. 44 2. 20 Sn 

65.45 100.00; 

74.08       87.67       84.82    14.69 
0.346    0.144 

70.18   29.21 

78.11       •»2.43       80.37      9.12 

0.328   0.089 
78.28    21.24 

0.00 0.49 100.0"    4.71 98.38 
0.00 0.003        0.49' 0.965 
0.00 0.61 100.00 99.07 

0.00 0.40 100.00     10.99 95,006 

0.00 0.002        0.419 0.9)2 
0.00 0,48 100,00 97,18 

gma 73.4 0.07 1.87 

male» 5.72       O.Ü004    0.01 
m% 33.18      0.02 D. 46 

353,2       428.5484-3 I 
1,44 2, 17Vc 

66.66     100.321 

77.76       92.02       90  43 9.33       0  00 0.24      100.00    3.22 98.41 
0.092    0.   0 0.001 0,462 0,965 

19.91       t. 00 0.22      100,00 99.07 

gn,. 73.4 0.00 0.00 
mole* 0.72 COO 0.00 
m% 33.33 0,00 0.00 

353.2       426.6    84-4 
1,44 2. 16. O 

66. 66 99. 99j 

84-5 

73.95       87,51       86.24    12.50 0.00 1.26 100.00     1.55 95.70 
0.352    0.12: 0,00 0.007 0.482 0,939 

/3,03     •>,52 0,00 0,15 100,00 97,60 

77,48       91,69       «5,69    13,87 0,00 0.44 100,00    3,44 4«, 397 
0.350    0.136 COO 0.002 0.488 0.965 

71.72    27.87 O.OO 0.41 100,00 98.99 

87.91    8.76 0.005       0.52      100.00    5.68 99.10 
0.359 0.086       0.00003  0.003       0.448 0,972 

80   13    19,20       0.007       0.67      100.00 99.50 

/ 
STSJ*1**1 

A 
74.52       88,19      90  7«   »82 0,004       0,40      100.00    2.63 99.043 

0.370 0.087       0.00003  0.002 0.459 0.972 
80.ll    18,95       0.CC7       r.44      100.00 99.48 
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Äun 
# 

M.W. 
Units 

Composition 

101.96     152.02     18  .44 
A1203      CJ^OJ     Ga203 

245.21                Run 
PbF2    Toteis    # 

Soak 
Time 
(hrs) 

Temp 
0C 

Soak     Quench 

J07.21 

%Pb 

76. 18 

245.21 
Calc 
PbF2 

90.15 

245.21 
by diff 
PbF2 

84 
1-12 

84>8 1 1400      1000 91.87 
0.375 

82.78 

84-9 1 1400      1200 73. 94 87.50 89.65 
0.366 

78.54 

84-10 

84-11 1 1400      1350 78.42 92.80 84.64 
0.345 

69.56 

84-12 1 1400      1300 79.43 94.00 85.37 
0.348 

70.73 

87 gms 
moles 
m% 

See Table ir 
87 1 1400      1000 81. 17 96.06 92.08 

0.376 
82.82 

A 
rr*" ■%. li  HJ.   HL 



TABLE III (Continued) 

Flux 
^07.21     245.21     245.21 101.96 152.02 

Calc by diff 
bPb PbF2       PbF? AljOj Cr   ^3 

|b. 18       90.15       91.87 7.75 0.009 
0.375 0.076 0.00006 

82.78 16.78 0.013 

§3.94      87.50       89.65 10.06 0.007 
0.366 0.100 0.00005 
78.54 21.46 0.011 

Analysis Crystal Analysis Fl 
187.44 wt 

by diff. 
Ga203 Total %Pb A1203 Cr^ Ga203 Total gms 

0.38 100.00 5.07 99.780 0.220 0.30 IOO.OO 183. 
0.002 0.453 0.980 0.0015 0.003 0.985 
0.44 0.31 99.95 

0.29 100.00 2.62 99.135 0.165 0.70 100.00 14.: 
0.00 0.466 0.973 0.0011 0.004 0.9781 
0.00 100.01 99.48 0.10 0.41 99.99 

42  92.80 

43  94.00 

i7    96.o: 

84.64 15.36 0.00 0.00 100.00 2,90 100.00 0.00 0.00 100,00 
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69.56 30.44 0.00 0.00 100.01 100.00 0.00 0.00 100.00 

85.37 14.63 0.00 0.00 100.00 2.58 100.00 0.00 0.00 100.00 
0.348 0. 144 0.00 0.00 0.49. 0.981 0.00 0.00 0.981 

70.73 29.27 o.eo 0.00 100.00 100.00 0.00 0.00 100.00 

92.08 7.90 0.019 o.co 100.00 5.85 99.899 0.101 0.00 100.00 
0.376 0.078 0.00013 0.00 0.454 0.980 0.0007 0,00 0.9807 

82.82 17.18 0.03 0.00 100.03 99.92 0.08 0.00 100.00 

27.7 

59. 

67.2 
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by diff. 
A1203 

Irystal Analysis 

Cr203        Ga203 Total 

Flux 
wtlost 

gms 

i 

Crystal 
Yield 

Th         Act 
gms       gms 

Comp. 
Sym. Remarks 
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0.003 
0.31 
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0.985 

99.95 
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0. 10 
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0.41 
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99.99 
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Not run 
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0.00 
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0.00 

0.00 
0.00 
0.00 

100.00 
0.981 

100.00 

27.75 6.51 7.85      5.4 D 

100.00 
0.981 

100.00 

0.00 
0.00 
0.00 

0.00 
0.00 
0.00 

100.00 
0.981 

100.00 

59.5 13.95 10.97    16.5 D Crystals had s 
phase attached 

99.899 
0.980 

99,92 

0. 101 
0.0007 
0.08 

0.00 
0.00 
0.00 

100.00 
0.9807 

100,00 

67.2 15.51 39.11    38.5 
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Rll-434 

Experimental (Cont.) 

method eliminates the problems of saturation of the melt at a given 

temperature and solvent evaporation and g .ve consistent results.    In 

addition, analysis of the crystals permitted calculation of the Cr distrloution 

coefficient at various temperatures. 

As expected,  values of Al O. solubility using thi« technique were 

higher than those obtained when a method which did not involve stirring 

and cooling was used.    Even after long soak periods, there was always the 

possibility of non-equilibrium conditions, because of slow solution rates. 

In addition, taking samples from the bottom of the crucible when complete 

solution did not occur gave poor results because it was impossible to 

separate the undissolved AUO-j from the dissolved AI2O3 in the melt, 

(see runs No.  61 -- 67.)   The curve for solubility of dilute ruby is shown 

in Figure 4 from values obtained in Runs, No.  68,  73 and 83. 

3.    Ruby vs.  Sapphire Solubility in PbF2 

A comparison of the solubility data for ruby and sapphire shown in 

Figure 3 reveals that the addition of only 0. 02 mole percent Cr reduced 

the solubility of pure sapphire.    This conclusion is confirmed by dita 

obtained by runs No.  65,  66, and 67, where identical runs with and without 

C^CK were quenched after soaking at a given temperature for 16 hours 

In each case, a reduction of AUO   solubi'ity is detected with Cr present. 

It will be observed that the solubility curve in Figure 4 is 
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Figure 4 
Solubility of Dilute Ruby in PbF1 
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Rll-454 

Experimental (Cont.) 

drawn as a straight line.    It can be seen,  however,  that an extension of this 

line would indicate only 30. 7 mole percent AI2O3 could be dissolved in PbF2 

at l400oC.    Since 33 m percent is easily dissolved at 14000(3,  a sharp upward 

curve probably takes place above l350oC as indicated by the dotted line of 

Figure 4.    In fact,  if the lower points are joined in Figure 4,  an upward 

curve is indicated above 1300 C.    This would tend to confirm the belief 

that the initial crystallization of ruby is very rapid,  even if no gross super- 

saturation occurs,  with many thin plates crystal!' -ing out over a very 

narrow temperature range.    It is necessary, therefore, to cool very 

slowly in the 1400 - l350oC range with very few temperature fluctuations, 

in order to prevent multiple nucleation from occurring in this temperature 

range.    A large temperature gradient also helps to narrow the zone in 

which nucleation can occur, thus further reducing the amount of material 

which must crystallize at a given time. 

4. Effect of Oxygen 

There was some indication that oxygen pumped into the furnace 

increased the solubility of AI2O3,    (Runs No.  83-5,  83-6, 83-8, and 83-9). 

AUO, solubility with and without O2 was measured.    In every case there 

was no detectable difference in solubility,  see Figure 4. 

5. Effect of Ga 

The effect of Ga on sapphire and ruoy solubility wac determined in 

runs No.  84 (1-9).    Compositions were made up in which 0.46 and 1.82 m 
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Experimental (Cont.) 

percent Ga was added to a crucible containing A^O^ + PbF2 but no Cr203; and 

m one in which both Cr^Oo and Ga203 were added.    Solubility was reduced with 

increasing Ga concentration and the combination of both Ga and Cr further 

reduced the solubility of pure AI2O3.    See Figure 5. 

6.    Distribution Coefficient 

I 
I 
I 
I 
r 
1 
1 
1 
1 
1 

The apparent distribution coefficient of Cr in AI2O3 crystals was 

measured by analyzing the total crystalline yield at each quench temperature 

from run No.   73.    The sample from 73-1 which was quenched at 1350oC was 

quite small butlhe others offered sufficient samples for analysis.    The results 

are shown in Table IV.    It should be kept in mind that since the total yield at 

each quench temperature was sampled and analyzed, and since very little yield 

occurs at 1350oC, the actual distribution coefficient is much higher than is 

indicated by these figures.    That is, the large yield of crystals at lower 

■5   1 

temperatures contains CT
J

    deposited over the entire temperature range. 

These results confirm our visual observation of a concentration gradient 

in all flux grown ruby such that the Cr^+ concentration decreases with 

temperature,  see Figure 6a. 

In the case of Ga, analysis of crystals from Run No.  84 indicates 

that no Ga concentration gradient exists.    The two values for K at 1350 and 

f 1000oC {Table IV) are open to question.    The sample   at 1350oC was quite small 

and since the percent Ga was such a small percentage the accuracy of the 

] ^   ilysis is not good.    At 1000oC two values for percent Ga were reported 

*. by the analyst,    6. 94 and 0. 38%.    The wide divergence in these   values 

would indicate some problem with sampling.    There was insufficient time 

1 to repeat this analysis.    The remaining three values all at K = 3. 34 for 

6 samples quenched at 1100oC and 1200oC would indicate that no gradient 

I exists for Ga in AI2O3.    (See Figure 6b. ) 

I 
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Figure 5 
Solubility of Al203 with Ga and Cr Added 
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Rll-454 

TABLE IV 

m % Cr/Al203 in melt                     m % Ga/AlzOs, CrzOs 
Temperature          KCr -     m % Cr in crystal          KGa =     m % Ga iu crystal 

l350oC                                        0.408                                                         1.48 

13110C                                         0.419                                                         

l240oC                                       0.778                                                        

l200oC                                                                                                 3.35 

ll90oC                                        0.605 

ll50oC                                       0.908                                                    3.34 

ll00oC                                        0.845                                                      3.34 

10000C                                        0.972                                                     4.49 

[ Note also that in runs 84 (I - 4), in which Ga but no Cr was added to A^CK. 

i 
I 

samples quenched at l270oC and 10000C for one concentration of Ga, and 

980oC and l200oC for another,  showed no siffnificant change in percent Ga 

in the crystal samples analyzed. 
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Distribution Coefficient of Cr in A1203 
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Experimental (Cont. ) 

C.     Measurements 

1.      Linewidth 

Linewidth measurements were made on samples at the Litton 

Tube Division. 

The crystals to be measured were immersed in liquid nitrogen 

in a quartz dewar.    This equipment was placed in a box which permitted 

filtering of the exciting light as well as the fluorescent emission.    A Dow 

Corning No.  4-76 filter was used for the incident beam and a No.   2-58 for 

the fluorescent beam.    The exciting light was a high pressure mercury arc 

focused by an elliptical mirror.    The sensing device was a Dumont K-2190(S20) 

photomultiplier.    The light from the mercury arc was focused on the slit of 

the «pectrograph.    Both the entrance and exit slits were 20 microns wide. 

The linear reciprocal dispersion of the spectrograph was 5 A per mm.    The 

output of the phototube was amplified by a Vacuum Electronics Electrometer 

and the chart recordings were made on a Varian Chart Recorder. 

Samples measured were numbers 26-1 and 26-2 (see Table II). 

These crystals were grown from a melt containing 0. 27 and 1. 34 m percent 

Ga respectively.   Sample No.   13 contained no Ga and was used for compar- 

ative purposes.    Table V is a summary of results, and Figure 7 is a curve 

of percent Ga vs.  A -A .    The room temperature spectra of these samples 

compared to a Meiler crystal are shown in Figure 8.    The scale in the 

figure is 4.8 A/mm.    The spectra were taken at room temperature with 
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TABLE V 

Wavelength Line width 

I 

Sample No. 

31 

Meiler 60° 
orientation 

26-1 

13 

28-1 

28-2 

31 

33 

Description of Sample 

1/8" diameter ruby rod 

Flame fusion ruby 

I m percent Ga in ruby 

26-2 3 m percent Ga in ruby 

Ruby plates heavily 
doped 

Ruby plates 

I m percent Ga in ruby 

3 m percent Ga in ruby 

Ruby plates 

3 m percent Ga in 
ruby, very low Cr 
coritent. 

(A) (cm"1) 

6920 4.7 
6934 5.4 

6920 0.62 
6934 I. 0 

6920 6.5 
6934 7.2 

6920 24.0 
6934 18. 1 

6920 6.0 
6934 8.0 

6920 1.5 
6934 1.8 

6920 6.0 
6934 7.6 

6920 23. 1 
6934 16. 1 

6920 3.5 
6934 4. 1 

6920 10.5 
6934 10. 1 

Remark.- 

Small inclusions, 

Flux inclusions. 

Flux inclusions. 

Flux included 
plates. 

No flux inclusions. 

Flux Free. 

Small inclusions. 

Included. 

Flux free. 

i 
I 
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Figure 7 

Percent Ga vs.  A A 
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Rll-454 

Experimental (Cont. ) 

cobalt used as a standard.    The samples were too heavily doped with chromium 

(i^O. Z mole percent) and satellite lines are present.    Measurements on other 

samples containing excessive chromium but no gallium have established that 

broadening observed in these samples is the result either of the high chromium 

content or concentration gradient.    There is evidence that an optimum concen- 

tration of gallium as well as chromium exists and that for Ga it lies somewhere 

between I and 3 m percent.    In the sample containing the higher gallium concen- 

tration,  additional satellite lines show up suggesting the existence of pair states. 

The higher concentrations of Ga apparently no longer create a statistical distri- 

bution of crystalline fields around the Cr      ions; instead,  discrete entities are 

set up having the same fields, which partly return the spectrum to the sharp 

line type,  only much more complicated. 

Some line broadening was present,   however,  in samples in which no Ga 

was added.    Table VI shows data on additional linewidth measurements made. 

Ruby sample No.   70,  which was of exceptionally high optical quality,   had a 

linewidth about twice that of flame fusion ruby. 

It was felt at first that the broadening was due only to the high Cr content 

an ' to the Cr concentration gradient.    However,  even when crystals with very 

low Cr concentrations were measured,  or when very thin plates were used,  a 

figure of about 2 cm       was obtained.    It was obviovs that with the very low 

strain present in these crystals,  the cause of the residual broadening must be 

an impurit- .    We made a comparison of the flame fusion crystal with our flux 

grown crystal-- for trace impurities using spectrochemical analysis. 
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TABLE VI 

Linewidth (cm" ) 

Rll-454 

6934 (Rj)        6920 (R2) 

No.   70 Thin 

Edge 1.90 1.75 
Face 1.90 1.75 

No.  70 Thick 

Edge 2.54 2.26 
Face 2.20 2.20 

No.   71 Thin 

Edge 2.20 1.90 
Face 2. 10 1.96 

No.  71 Thick 2. 10 2.0 

Comments 

4 mm Thick 

2. 1 mm Thick 

4 mm Thick 

Pyramidal all faces 
had about the same 
linewidth. 

No.  73 - 122 

Edge 3.49 2.82 

No.  31 Rectangular 
Red 4.1-5.75 3.9-!:'. 15 

Gradient across 
face. 

No.   56 
Face 
End 

4.74 
6. 18 

4.32 
5.24 

No.  60 

End 
Face 

4.74 
3. 19 

4.0 
2.88 

Flame Fusion 1.06 .87 
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The impurities found in samples No,  70 and 71 that were not present in the 

flame fusion crystals were approximately 0. 001 percent iron and galli'im.   It is 

unlikely that these impurities arc the cause of the broadening.    It was decided 

that fluoride substitution for oxygen could be the cause of the broad linewidth. 

Fluoride substitution would lead to cation vacancies which would distort the 

crystalline field surrounding the Cr3    ions. 

In order to test this theory, two very carefully chosen pieces of ruby were 

polished and examined under 60 X magnification for any traces of included flux. 

None could be found.    These samples, when analyzed spectroscopically,  revealed 

103 ppm fluorine^'while lead was "not detectable, less than 30 ppm".    This finding 

tends to confirm our theory of fluoride substitution, 

2.    Fluorescent Lifetime 

Measurements of fluorescent lifetime were made at the Litton Tube 

Division by Mr. Michael Story.    These measurements are important because an 

increase in linewidth should be accompanied by some decrease in lifetime. 

Measurements have indicated that in the 1 m percent sample only a small decrease 

in lifetime has occurred.   At room temperature, a Meiler ruby had a lifetime of 

2. 6 m sec, while the 1 m percent Ga sample had a lifetime of 2. 2 m sec. and the 

3 m percent sample had a lifetime of 1, 6 m sec.    Figure   9    shows a diagram of 

the apparatus used.    The mercury arc was a Pek Labs, 109 high pressure mercury 

arc.    The shutter was a rotating disk.    The entrance sJit, mirror, grating, and 

exit slit are all part of the Jarrell Ash 3. 4 meter spectrograph.    The photomulti- 

plier was a red sensitive Dumont phototube and the oscilloscope was a Tektronic 
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model 541A. 

3.    Laser Threshold 

A plate from run No.   31 was cut into a rod a.bovt 0. I x 0. I x I. 4 inches. 

This cut rod revealed the rather sharp gradient which developed as the plate 

thickened.    The rod was ground to a cylinder,  polished and silvered.    See 

figure 10.    It was pumped with a G.  E.  Ft 524 lamp.    After several a^emr ^s 

at lower levels,  it Used at 2000 joules at 200oK.    Another rod measuring 

I. 172 inches long x 0. 213 inches in diameter,  see Figure 11, was successfully 

lased in a 3 inch long laser head at 1200 joules at 200oK.    The rod had several 

small flux inclusions which were not noticed until after it had been cut and 

polished.    A concentration gradient was obvious when viewed on end.    Further- 

more, there is a defect visible in the photograph which resembles lineage. 

D.    Crystal Quality 

The plates and rods produced in run number 31 were examined under 

crossed polaroids.    Figure 12 compares the strain patterns of a plate of 

flux grown ruby with z plate of flame fusion ruby cut from an annealed,  low 

strain flame fusion grown disc boule,  viewed between crossed polaroids.    There 

is a remarkable difference in the level of strain, the ruby plate being almost 

strain free.    Figure 13 shows a rod of ruby under magnification viewed parallel 

to the plane of the plate from which it was cut.    It can be seen that there is a 

complete absence of dopant irregularities.    Note also that the concentration 

gradient does not appear to be uniform across the crystal,  but is small across 

twe-thirds, of the crystal and becomes sharp only ..cross the last one-third. 
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Figure  IZ 
Strain Pattern in Flame Fusion and Flux Grown Ruby 
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Figure  13 
Ruby Rod Magnified 
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Crystals were cut  and  polished and then were observed under 350 times 

magnification foi  flaws and inclusions.    In the thick plates grown under  high 

gradients,  no  observable defects could be found.    Small filaments were sometimes 

detected in polished plates. 

Ruby crystal of high optical quality should not scatter a beam of light passing 

through it.    When tested in our light scatter apparatus values only slighter higher 

than background could be aetected. 

Six  samples of ruby,  two of which were grown from flux  at  Airtron,  the others 

flame  fusion crystals,  were examined at NRL. '   '   The four types of tests performed 

were based on optic axis figure,   shadow graphs,   crossed polarizers and small angle 

scattering. 

The optic axis figure measured the uniformity of direction of the optic axis. 

In this  respect the Airtron ruby was rated "very good". 

Evidence of abrupt discontinuities in chromium content called banding because 

of sharp circular bands of color was present in all flame fusion ruby samples but 

totally absent in flux grown samples.    Gradations of color were present in all samples 

tested.    However,   flux crystals grown without ccolfag in run #86 showed no color 

gradations when examined microscopically.    See Figure   14. 

R.   L.   Barns,  of the Bell Telephone Laboratories,  Murray Hill,  New Jersey, 

and W.   J.  Spencer of the Bell Telephone Laboratories,  Allentown,   Pennsylvania, 
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Figure 14 

Ruby Crystal Grown on a Seed from Flux 
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have examined two ruby plates grown under this program by the J.   J,   Lange 

technique.    They have found that large regions apper-r to be dislocation free.* 

I E.    Analyses 

A method of chemical analysis of Cr and Ga by x-ray D' orescence was 

* perfected.    The precision was quite good,  but there was no way of knowing 

1 the accuracy,  except by comparison with wet chemical analytical results, 

since no standards were available.    Synthetic powder samples were made up. 

It appears that there is considerable divergence in Ga concentration in the ruby 

I crystals reported by wet analysis and x-ray fluorescence.    However,  crystal 

quality of some of the sample was quite poor and part of the divergence can 

be blamed on poor sampling.    The technique of x-ray fluorescence analysis is, 

of course,  desiiable for Ga and Cr detection,  if it can be made as accurate 

as presently used wet analytical techniques.    As soon as reliable standards 

are available,  this should be the most convenient and reliable method. 

*We thank R.   L.   Barns for communicating these results prior to 

publication. 
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F.    Equipment 

I.    Temperature Measurements and Control 

a.    Ten Inch I.   D.   Furnace 

The furnace was an American Electric Company,  model 

HTV-1023,  modified by Research and Development Products Cc.    This 

furnace was heated by eight SiC heating elements wired as four parallel 

pairs across the two phase 208 volt secondary of a tap transformer.     This 

furnace had some insulation changes from standard to improve the shell 

temperature.    The standard Insulation of these vertical tube furnaces 

called for two 4 1/2 inch courses ^f firebrick insulation.    The inner or 

hotter of these was a 2600oF,   14250C,  firebrick.    The outer of the two 

was a 2300  F,  l260oC.  firebrick.    The insulation was changed to two 

3 1/2 inch courses plus an additional 2 inch course of high C insulation. 

Aluminum foil was placed around the outside of the high Q insulation which 

was the 2 inch course.    These changes reduced the furnace shell temperature 
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to 70oC ut the l400oC operating temperature.    In addition,  these insulation 

changes should improve the operating efficiency of these furnaces. 

The furnace had a ten inch inside diameter alumina core.    The alumina 

cores for the furnaces were made of two different materials,  Norton RA-98 

and RA-139.    We are presently using alumina cores manufactured by R & D 

Products Co.    The crucible was a platinum can with straight sides and a 

garbage can type cover.    This crucible held about 100 pounds of flux 

when fully loaded.    This mass of material required the design of special 

equipment to handle the material and pour flux from the crystals. 

Furnace life had always been a problem in molten salt crystal growth 

work.    Furnace failures took place in several ways, 

1. The furnace core was attacked by the vapor from the fluxes, 

especially fluoride vapors. 

2. Furnace insulation was attacked by the same fluoride flux vapors. 

3. Furnace insulation deteriorated through overheating. 

4. The plugs and pedestals vere attacked by either molten lead salts 

or vapors of these lead salts. 

b.    Loading,  Unloading and Pouring Equipment 

In tie use of the large 10 inch furnace,  it was necessary to handle 

large masses of material.    This was done while the pedestal was at l300oC 

during loading,  or the loaded crucible was a* 10000C,  before pouring.    The total 

mass of crucible plus charge weighed about 100 pounds. 
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This mass was impossible to h?ndle by ordinary techniques.    For 

this reason,  a device was designed and built especially to do this job. 

This device had to be strong enough to support the weight and pour molten 

flux.    It also had to be moved to a precise position with respect to the 

furnace pedestal.    Its manipulation had to be simple.    The loading or 

unloading of the furnace had to be accomplished in about 30 to 45 seconds 

after the pedestal had been lowered to its lowest position. 

A new device was designed to do this job because nothing was 

available which would meet these requirements, 

A clamshell type of holder was decided upon as the only convenient 

method of grasping the hot platinum crucible when approached from the front. 

The steel halves of the shell were lined with "Fiberfrax" insulation.    The size was 

such that it held with a slight pressure the eight inch crucible; that is, 

about one-sixteenth of an inch less than eight inches i. d. . 

ihe opening of the halves was controlled by a lever attached to a nut 

on an Acme threaded rod. After one or two tries, this can be manipulated 

in 5 to 10 seconds to pick up the crucible or place it on the pedestal. 

The device was designed to operate on angle iron tracks attached 

to channels ir. the floor. 

Pouring took place by rotating a handle.    Molten material was 

poured into a sand bath. 

The device was manufactured by R & D Products Co,    It was made 
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of several pieces of pipe with extensions,  tees,  clamps,  and heavy gauge 

material.    This device appeared to work as expected.    A photograph is shown 

i in Figure 15. 

The sequence of operations involved in unloading and pouring is 

shown in Figures 16 and 17.    Figure 16 shows the pourer in position 

immediately after lowering the pedestal.    Figure 17 shows the molten 

lead fluoride (PbF?) pouring into a platinum container in a sand bath. 

Some of the problems encountered were: 

1. Elevator drive. 

2. Stirrer drive. 

3. Pedestal design. 

4. Thermocouple contact. 

Possible methods considered for the elevator drive were an electric motor 

with a mechanical drive or a hydraulic pump.    Space ruled out the hydraulic 

pump.    The elevator drive {see figure 18) was by a 1/6 h.  p.   electric motor.    A 

chain drive was used and four Acme threaded screws supported the table.    A 

chain drive was selected because four screws must be driven together.    The Acme 

lead screws were driven by rotating through bronze nuts attached to the steel 
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Figure 15 
American Electric Furnace 
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table.    Another important problem was where to place the drive motor. 

The possibilities were floor level,  attached to the elevator table or at the 

top of the lead screws.    Space demanded that the latter be chosen.    The 

i.iotor was mounted near the bottom of the furnace with the chain runiing 

aroa'd the outside with idler gears placed to keep the chain clear of the 

heating elements and under tension. 

The elevator motors must,  of course,   be reversible.    This 

could have been accomplished by interchanging two phases of a three pha.oe 

motor or reversing a capacitor for a single phase motor.    The three phase 

motor was   preferable because it gave a positive reversal.    It was possible 

using the single phase motor to reverse the switch without reversing the 

motor.    It was necessary   for rotation to stop completely before the single 

phase motor with two field windings could be reversed. 

The stirrer drive problems included rotation of a load of more 

than 200 pounds.    This was simplified by placing a turntable on a ball 

bearing raceway.    This minimized friction losses.    The necessary centering 

(the rotation must be about an extension of the furnace core axis) was 

accomplished by placing a drive shaft for the turntable in a bronze bearing 

on the elevator table.    A chain drive was selected for space considerations. 

Reversal of rotation direction was necessary or the rotating crucible would 

quickly attain a state of mobile equilibrium.    This would reduce stirring 

action considerably.    Motor reversal look place in a similar manner to 
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that for the elevator drive.    There was one major difference.    Using the 

stirrer required automation of this operation.    This was dont: by using a 

synchronous motor to drive a earn which operated microswitches to 

drive the stirrer in one direction for 25 seconds,   stop for 5 seconds, 

drive in the reverse direction for 25 seconds and stop for 5 seconds. 

These were for a one minute cycle.    The microswitches functioned as a 

double pole-double throw switch with an off position.    This either 

interchanged a capacitor between two pairs of field windings or 

interchanged two phases of a three phase motor. 

Pedestals and top plugs had to be designed with load support, 

rotation, temperature measurement and crucible position in a furnace 

in mind. 

Rotation required that the pedestal be perpendicular to the 

turntable,  have true sides and top surfaces and move concentric with the 

furnace. 

Temperature; measurement was simple in the top plugs with 

thermocouple wells.    These plugs were not rotated.    The problem was 

considerably more difficult when rotation of a pedestal took place. 

It could be done,   but only by using moving contacts.    A set of slip rings 

with a lava insulator v^s used.    This made several additional junctions 

oecause the thermocouple had to be atta.chec* cc the slip rings.    Contact 

was mad1* to the s'ip rings md the contact attached to the measuring 
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circuit.    Each of these contacts was potentially an uncompensated junction. 

The thermocouple (Pt vs.   Pt 13 percen; Rh) was soldered to the slip rir^. 

Thermocouple lead wire was attached to the brushes. 

The temperature was found to agree with an adjacent thermocouple 

within 5 degrees,  the readability of the recorder,  even though potential 

errors were present.    This could be explained by the fact that the temperature 

was low (25  C or less) and the contacts created pairs of similar opposing 

junctions. 

The plugs and pedestals were poured of a castable refractory 

(Norton 33HD) with a thermocouple well (high temperature alumina) 

in place.    The molds used were finished to a close tolerance (out of 

round undetectable with a surface gauge).    A steel plate with anchor 

pins was attached to the pedestal during casting.    The steel plate was used 

with adjustable pins to position the pede    al or the turntable. 

The length of the pedestal had to be tailored to the furnace. 

It dictated position of the crucible in the furnace.    Pedestal length ideally 

had to be great enough to allow the crucible to be placed at any position in the 

furnace hot zone,    it also   had to be short enough to allow handling of the 

crucible for loading and unloading the furnace.    These two requirements 

could be mutually exclusive.    The sizes selected to optimize these as well 

as possible was 33 inches and 28 inches high. 
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In early crystal growth runs in the ten inch furnace,  there had 

been considerable nucleation on the wails of the crucible.    The problem 

appeared to be cool walls of the platinum crucible. 

The indications were that the furnace core was cooled abnormally. 

This probably was caused by a chimney effect.    A draft of cold air went up 

through the annular space around the pedestal.    As the furnace cooled,  this 

cool air would cool the furnace walls and the crucible walls would be cooled 

by radiation or directly by the cold drafts blowing on the crucible walls. 

Tnis prob'-em was solved hy an additional improvement which permitted the 

rotation and/or lowering of the pedestal to ta   e place without cooling drafts 

to enter the furnace by the addition of flexible collar which was attached to the 

elevator and the underside of the furnace.    See figure 19.    When the pedestal 

was removed from the furnace rapidly to load or unload a charge, the 

collar was disconnected.    The oedestal was free to rotate within the collar 

and could be slowly raised and lowered without disconnecting the collar.    The 

collar was fitted with a nozzle to permit introduction of oxygen.    This modification 

reduced nucleation on the walls of the platinum can which was caused by cold 

drafts entering around the periphery of the pedestal. 

d.    Temperature Controller 

The temperature controller for the ten inch furnace is a unit 

designed and manufactured by Minneapolis- Honeywell.    The control system 

consists of a Beck Controller, A Honeywell Temperature Set Point Unit, 

Page 56 

Airtron,  a division of Litton Industries 

-., y 



Figure 19 
Elevator and Collar Assembly 

Page   57 

Airtron, a division of Litton Industries 



I 
1 

I 

Rl1-454 

Expc: rimental (Cont.) 

Deviation Amplifier, Deviation Recorder, Eiectr-O-Volt 3 mode controller 

and a Magnetic Amplifier.    In this equipment, the temperature set point 

unit selects a millivolt potential which is compared with the thermocouple 

output.    The two signals, potentiometer and thermocouple, feed the two 

channels of a deviation amplifier.    This unit puts out a signal proportional 

to the millivolt difference from zero or temperature difference from set 

point.    The set point unit selects the potential by adjusting a ten turn 

potentiometer.    This potentiometer has 537. 9 turns per turn or a total 

of 5379 turns from end to end.    Since the scale span is 1600°, the limit 

of resolution of this potentiometer is 0. 30C.    This is also the limit of 

resolution of the equipment.    The Deviation Amplifier takes the thermo- 

couple signal and the Set Point signal and retaining the algebraic sign, 

amplifies the difference and sends an output signal to the Electr-O-Volt. 

The signal and its magnitude, length of time off,  set point, and rate of 

approach to the set point all effect the output of this controller.    The 

output signal of the controller goes to the magnetic amplifier which, 

in turn,  controls the degree of saturation of the Saturable Core Reactor. 

The reactor controls the power input to the furnace. 

This control unit operates on a three mode basis.    The modes 

are: Proportional Band (a function of distance from Set Point); Rate 

(a function of rate of approach to the Set Point); and Reset (a function 

of the time the temperature has been off set point). 
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The Beck Program Controller operates a soak from zero 

to sixty hours.    At the end of the soak,  a temperature program is 

initiated.    The rate  of cooling is controllable from 0.4 to 10 degrees 

per hour (+ 0. 10C) .    The cooling rate is controlled by a synchronous 

motor drive on the ten turn potentiometer. 

2.     Crucible Attack 

During the early part of this contract,  crucible failure became 

very pronounced.    In some instances,  a brand new crucible failed within 

hours after having been placed in the furnace with a charge.    Since each 

failure not only meant purchase of a new crucible,  but often resulted in 

a spillage of PbF2 on the pedestal, plug,  muffle and elements requiring 

replacement  of these components as well,  the   solution of this problem 

was of paramount importance.    A total of six failures directly attributable 

to the platinum crucible were experienced.    After one failure,  damage 

to the furnace was so extensive that even brick ins alation had to be replaced. 

Failures were usually of three types: 

1. Extensive corrosion at the base of the platinum can. 

2. Cracks,  usually along the periphery of the base. 

3. Extensive seepage of AI2O3 thromgh pin holes in the base and 

walls. 
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Several experiments were tried to attempt to find the reason or cure 

.for the attack.    Since this attack seemed to occur only in the large 8 inch cans, 

a number of runs were made using the 250 ml crucible with premelting,  with and 

without Cr.   In each case crucibles in which premelting took place showed evidence 

of corrosion,  brittleness and AUCK seepage through the walls.    Two innovations, 

a heavier bottom (0. 050 inches in place of 0. 030 inches) and a platinum liner 

accomplished little.    While corrosion was reduced,   seepage remained about 

the same and embrittlement actually increased.    The problem was solved by 

the use of an oxygen flow into the furnace whenever the crucible was hot.    This 

served to produce an oxygen rich atmosphere and completely stopped the Pt 

corrosion. 

Most of the equipment which was designed for the large molten salt 

systems performed satisfactorily.    Problems which arose and solutions used 

are summarized below: 

Problem Solution 

1. Hollow SiC elements 
showed very much shorter 
lifetime than had been 
expected. 

2. Pt crucibles continue to be 
subject io chemical attack. 

1. Purchased various kinds of 
silicon carbide heating elements 
from several manufacturers for 
test purposes. 

2. When a slow stream of oxygen was 
pumped into the fuvnace during the 
entire run including the premelting 
operation, no attack on the Pt 
crucible could be detected.    After 
6 months of operation, the Pt can is 
as good as new.    This problem is 
completely solved by the use of oxygen. 
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Problem solution 

3.    Cracking of pedestal and plugs. 3.    Round all corners to reduce rapid 
Expansion of pedestal at top heat loss.    Peduce diameter of 
causing it to bind in furnace. top portion of pedestal. 

The primary requirement for good crystal growth is good temperature- 

control.    Inadequate temperature control is usually responsible for the small, 

badly formed,  flux included crystals that make up the bulk of the yield of most 

molten salt crystal growth attempts.    The primary function of the crystal 

growth equipment then is to provide good temperature control.    It can be 

expected that as one problem of temperature control is solved,  a second, 

which was perhaps masked by the first, will become apparent. 

The first major problem encountered during this period was the 

inability of the Honeywell temperature control system to function properly. 

This equipment is rather complex and although it is capable of excellent 

control when it i.s functioning properly, any number of things can cause trouble 

before this condition is achieved.    The two major aberrations which caused 

trouble did not occur continually, but were intermittent making detection and 

correction especially difficult.    The trouble   was finally found to be a defective 

potentiometer in one case and a bad voltage regulator tube in the other.    When 

these parts were replaced with new ones, the equipment worked well,  and there 

has been no recurrence of this problem. 

The next major problem was rapid and uneven aging of the SiC heating 

elements.    The operating conditions are quite severe for these elements. 
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First,  the present soak temperature of l400oC at the pedestal requires a set 

point as high as l500oC.    Second,  these temperatures must be maintained for 

long periods of time.    At 0. 50C per hour cooling rate,  twenty days are required 

to lower the temperature 240oC.    Third,  all holes must be tightly stuffed to pre- 

vem. drafts which means that the elements must function in essentially a PbF? 

atmosphere. 

It is important that the elements age as little as possible and that they all 

age uniformly.    This unifoim aging is necessary because should one element 

increase in resistance more rapidly than another,  or should one part of an 

element increase in resistance more rapidly than another,  hot spots are created 

which adversely affect the crystal growth. 

This problem was attacked in the following way:    First,  the series parallel 

network which locks like this: 

Rl 

r-VW 
R: 

A/W—i 

I—AAA— WW 
Ri R^ 

was modified to look like this; 

Rl 

r-AA/V 

R, 

<!> 

Page 62 

R 

A/W-» 

AA/V-1 

RA 

Airtron,  a division of Litton Industries 

i. 



Rll-454 

Experimental (Cont. ) 

This modification permits more even aging of the elements and facilitates 

the location of a bad element. 

The ideal circuit would be one in which all of the elements operate on one 

circuit and all of the elements are in parallel.    Each element would then tend 

to reach the same resistance and then age at the same rate. 

With our present equipment, this can be achieved by substituting a 

3 phase rectifier for the "3 phase to 2 phase" transformer plus a few 

wiring modifications.    The difference in the voltage current relationship 

should be within the range of the reactor, the magnetic amplifier and the 

controller. 

The next step was to order a number of different types of elements. 

These included high density "Globar" elements,  solid "Hot Rods", and two 

types of spiral elements.    None of these elements gave satisiactory performance 

except the spiral elements.    These elements, manufactured by Morganite Inc.  are 

very closely matched.    They are one piece, hollow, high density recrystallized SiC, 

in which a spiral groove is cut.    They are recommended by the manufacturer 

for operation at 1450 C - 1700oC «|b»re critical temperature uniformity and 

severe operating conditions are encountered. 

The third modification was to rotate the crucible slowly after the 

soak period has ended.    It will be recalled that during the soak period 

the pedestal is rotated for 55 seconds at 30 r. p. m. in one direction; at 

the end of which time it stops for 5 seconds; rotates in the opposite 
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direction for 55 seconds; stops for 5 seconds,  and the,, begins the cycle 

over again. 

The reversing and pausing are achieved through two clock driven 

cams; one of which controls the time "on" and "off",  the other controls 

the direction of rotation. 

The rotational torque is supplied by a 3 phase "gear motor" with a 

20:1 gear reduction to produce a 90 r. p. m.   source of torque.    At this 

point, an electromagnetic clutch is introduced.    With a constant current 

flowing through its field,  this device limits the maximum amount of 

torque that can be transmitted through it.    The field current is adjusted 

so that no sudden start is made during the reversing operations.    From 

the clutch,  a chain drive,  whose ratio is 3:1,  transmits the torque to the 

pedestal which will now rotate at 30 r. p. rn. 

During the period of time that the furnace is cooling down and 

crystallij^-ation is taking place,  it was thought that if the crucible could 

be rotated at a very slow speed,  perhaps the effect on the crucible of one 

side of the furnace being cooler than the other could be eliminated. 

To do this,  a solenoid actuated dog clutch was used to mechanically 

connect the 90 r. p. m.  output shaft of a second "gear motor" in tandem 

with the first motor which drives the pedestal continuously for the 

remaining portion of th° run at I, 5 r. p. m. 
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Experimental (Cont. ) 

An additional modification which has been introduced in the 10 inch 

furnace is the use of an impervious muffle.    The previous muffle used 

was a highly porous AI2O   body whose thermal shock resistance was not 

good.    The porosity permitted a ready path for the PbF    vapors to attack 

the heating elem      s and the large cracks which soon developed permitted the 

radiation from the elements to fall directly on the crucible.    The new muffle 

of poured Al-O, which worked successfully is impervious and has excellent 

thermal shock resistance.    It can be manufactured to much closer tolerances 

than the previous fired tube. 

The firebrick walls of the furnace had been eroded away by the 

combination of heat and chemical attack.    The Wdlls of the furnace were 

chipped away for about one inch and replaced with a one inch poured alumina 

face.    The alumina has a much higher resistance to PbF^ attack at the 

temperatures we are using. 
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VII.       CONCLUSIONS 

The purpose of this work was to grow large,   ruby crystals,   from 

molten salt solutions.     These crystals were to possess simultaneously 

high optical quality and broad spectral lines. 

Vie have succeeded in deliberately broadening the emission linewidth 

of ruby through con' -oiled gallium substitution,   and many of the rubies 

grown have been free of strain and other defects.    However,  the size of 

the crystals obtained was not sufficient for large optical masers. 

Other problems which were not completely solved,   but for which 

solutions are indicated are: 

1. C -Axis Growth 

Ruby crystal growth from flux tends to be extremely aiisotropic 

with little or no growth along the C-axis.    Thus thin laminated plates are 

the usual type of crystal produced from molten salts,  with large inclusions 

of solvent trapped between them.    These inclusions are only partly due to 

the temperature fluctuations which are the major cause of single crystalline 

inclusions,  but appear to result from the shape of the crystal growth as well. 

It was found that ruby,  crystallized under large temperature gra- 

dients,   had a significantly greater C-axis growth resulting in thicker plates 

and fewer flux 'nclusions with no signs of laminations. 

2. Flux Inclu " 'ons 

It was found that while the thicker plates grew with fewer flux inclu- 

sions,  there ctil^ is an undesirably large level of these imperfections.     It 
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Conclusions (continued) 

is felt that these inclusions result primarily from minor,   localized, 

temperature fluctuations.    The addition of a collar around the pedestal 

and careful stuffing of "K-O-Wool" around the top plug and core helps 

to reduce these fluctuations. 

There is also some indication that the use of ^C^ in the melt 

reduces the tendency to incorporate flux in the crystals. 

3. Chromium Concentration Gradients 

All the large crystal,    .vere grown by slowly cooh   g the meli 

This resulted in a concentration gradient in Cr since ds distribution 

coefficient is temperature dependent.    Th»j final r   -  of the study was 

made using a static system containing excess ruby and a temperature 

difference imposed on the crucible.    Crystals grown,  although only a 

few grams in weight,  were very uniform in Cr content.    The solution 

to the problem of seeding the melts would fix this latter variable,  as 

well as reduce the spurious nucleation which so severely limits the 

yield of usable material from these systems. 

4. Linewidth 

It was also found that rubies grown from PbF2 have larger 

than normal linewidths even without Ga substitution.     This has been 

tentatively attributed to F    substitution. 
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Conclusions (Cont.) 

5.    Platinum crucible corrosion 

In order to maintain large platinum crucit   ?s containing PbF-, - 

Al-O, melts at temperatures over 1200oC an oxygf a atmosphere is 

required.    The mechanism for the attack that occurs on crucibles heated 

in air is not understood. 
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